It is difficult to correlate structure with function in the kidney because of the extensive cell heterogeneity. Carbonic anhydrase (CA) is an enzyme that mediates renal acidifcation and is found predominantly in proximal tubule and collecting duct cells. We modified Hansson's method for histochemically identifying cellular CA activity on PLP-fued rabbit kidney sections mounted on Millipore filters, and then removed the filters to perform peanut lectin and antibody
Introduction
The heterogeneity of cell types in the kidney has made it particularly difficult to correlate structure with function. One approach to more easily characterize a particular cell type would be to use histochemical techniques to demonstrate a specific enzymatic activity in a cell that has been otherwise identified by using a monoclonal antibody or other surface label.
Carbonic anhydrase (CA), a zinc metalloenzyme which is found in the cytosol of renal H+ and HCO3-secreting cells, catalyzes the buffering of cellular OH-by CO2 and facilitates acid-base transport (1) . Membrane-bound CA also accelerates H+ flux by catalyzing the reduction of local pH gradients (1) . CA is present in the cytoplasm of intercalated cells of the collecting duct and in the cytoplasm, brush border membrane, and basolateral membranes of proximal tubule cells (2,3). The principal cells of the collecting duct, distal convoluted tubule cells, and the glomerular epithelial, mesangial, and endothelial cells contain little or no CA activity (2) .
The activity of CA can be detected in tissue sections by using the modified version of the cobalt-phosphate histochemical method of Hansson (4,5). Optimal staining requires that the CO2 leave the solution and that a reaction product precipitate in the sections (4) . Therefore, fixed sections have been floated on the incubation mixture for histochemical staining; but the strength of most of these fixations has caused loss of both immunogenicity and CA activity (4,6,7) resulting in less reactivity to specific antibodies. Such prob- 
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lems would limit the use of these double labeling techniques in complicated organs with multiple cell types, such as the kidney, and would preclude the use of this detection method in immature tissues, which usually express less CA activity (8, 9) and may be less antigenic than their mature counterparts.
Hansson has described the use of Millipore filters for floating freeze-dried sections on the incubation solution (4) . Although freeze-dried sections retain their CA activity, the morphology at the light microscopic level is poorly preserved and there is a risk of diffusion of the enzyme of out of the cells (4) . In addition, the handling of unmounted sections can be cumbersome (10). We describe here the use of Millipore filters to float PLP-fixed sections for CA histochemistry. The subsequent placement of the histochemically reacted section on a slide conveniently permits immunocytochemical or lectin labeling, with little loss of sensitivity and antigenicity compared with unreacted sections, while preserving adequate morphology. This method can be used optimally with thin sections (<4 pm) and provides consistent and reliable results from day to day and from section to section.
Materials and Methods
Animals. New Zealand White rabbits (1.5-2.5 kg) were anesthetized with an intravenous dose of 30 mg/kg pentobarbital. The left renal artery was cannulated with a polyethylene (Clay Adams, Parsippany, NJ; PE 160-190) catheter and the kidney was perfused at room temperature with PBS for 10-15 sec until the kidney and the renal venous effhate appeared to be grossly free of blood. Perfusion was then continued with periodate-lysine-paraformaldehyde (PLP, containing 2% paraformaldehyde, 75 mM lysine, and 25 mM sodium periodate) ( 6 ) for 15 min at a pressure of 150 cm water (11). The kidney was cut into 1-2-mm cubes and immersed in the fixative for 2 hr at 4°C.
1223
After fixation the renal cortical tissue was immersed in 1.0 M sucrose in PBS at 4°C until it sank (1-2 hr) and was embedded in and completely surrounded by Tissue-Tek OCT compound (Miles; Elkhart, IN) and frozen at -8O'C. Each cryostat section (2-4 pm) was transferred to a 25-mm diameter 0.45-pm Millipore filter (HAWP02500; Millipore, Bedford, MA) and floated for 45-60 sec on the CA incubation medium (see below).
CA H i s t o c h e m i s t r y .
The sections on the filters were stained for CA activity according to the modified method of Hansson (2,4,5) by using the following solutions: Solution A contained 10 ml of 0.2 M CoSO4. 60 ml of 0.5 M HzS04, and 100 ml of 0.007 M KHzP04; Solution B contained 18.75 g NaHCO3 per liter distilled water. The CA incubation medium was prepared by gently adding 34 ml of Solution A to 80 ml of Solution B in a 7.5 x 9.5 x 6-cm (height) glass container.
After the section on the filter was floated on the incubation medium, it was transferred onto a 1% gelatin and 0.1% chromium-potassium sulfatecoated glass slide that was wetted with a film of 1% gelatin and 0.1% chromium-potassium sulfate solution. A drop of this solution prevented disintegration of the section when it contacted the slide. At this point, each section was attached directly to a glass slide and covered with a Millipore filter. It was allowed to air-dry for 5-15 min until the white outline of OCT appeared. This duration depended on the amount of incubation solution on the filter; the appearance of the OCT outline indicated when the slide was dry.
Immediately after drying, 2 drops of distilled water were gently dripped from above onto the filter, followed by air-drying until the white outline of OCT reappeared ("2 min). Then, "10 drops of water were dripped on the filter and allowed to remain thereon for 5-10 min, after which the slide was immersed for 5-10 min, filter side down, in a petri dish of distilled water until small air bubbles appeared between the section and filter. Under these conditions each filter spontaneously separated from the slide under water, after which the slide was removed from water and allowed to dry for 2-3 min.
In preliminary studies we found that filters could be transferred to poly-L-lysine (500 pglml; Sigma, St Louis, MO)-coated slides prepared by thinly spreading a drop of poly-Llysine over the slide.
After a 5-min rinse in distilled water, the section on the slide w s exposed to a blackening solution (0.5% (NH&S, freshly made and filtered) for 3 min and rinsed again in distilled water for 5 min. Specificity of this staining procedure was confirmed using 1 x M acetazolamide (2,4,5) to show that the CA inhibitor added to the incubation medium prevented histochemical staining of the cytosol, brush border, and basolateral membranes.
The slide was air-dried for 10-15 min before application of fluorescent surface probes or unlabeled primary antibodies. Because of time consuaints, one slide at a time was processed for CA histochemistry.
Surface Labeling. Sections were exposed to 45 pl of fluorescein-peanut lectin (50 pg/ml; Vector, Burlingame, CA), or full-strength hybridoma supernatant of monoclonal antibody 601 (same as 2011) (12) to Type p intercalated cells, or monoclonal antibody 1242 to principal cells (13) (kindly provided by Dr. G. Fejes-Toth) in a humid chamber for 1 hr at 37°C. followed by four 5-min rinses in PBS. The sections labeled with primary antibodies were exposed for 1 hr to FITC-rabbit anti-mouse IgG+IgA+IgM (1:50-1:lOO; Zymed. San Francisco, CA) at room temperature, followed by four 5-min rinses in PBS. As controls, sections were reacted for CA histochemistry without primary antibodies or lectin (blank) and also with F I E secondary antibody in the absence of primary (nonspecific fluorescent staining).
The slides were then coverslipped using Cytoseal 60 (Stephens Scient i c ; Riverdale, NJ). There were examined and photographed with a Nikon Diaphot inverted epifluorescence microscope equipped with a Nikon FG camera body attached to the camera port. T-Max 400 film (Eastman Kod&; Rochester, NY) was used for these photographs.
Results
Those cells showing reaction product for CA in the kidney cortex were found in the proximal tubule and collecting duct (Figure 1) . The proximal tubule cells showed cytosolic staining as well as staining on the brush border and basolateral membranes (Figure 2) .
The glomeruli and Bowman's capsule were completely negative for CA staining (Figure 1 ). Those erythrocytes that had not been washed out of the kidney stained positively for CA (see Figure 4b) . The intercalated cells, comprising about a third of all collecting duct cells (see Figure 1) (14, 15) , were darkly reactive; the variability in intensity presumably reflected cell heterogeneity, because the same cells were usually most intensely stained on serial sections. However, variability in the thickness and configuration of the cells within the sections could also have contributed to the differences in staining patterns. Little staining, if any, was observed on principal cells of the collecting duct (see Figures 1 and 2 ).
There are two major subtypes of intercalated cells: a-or acidsecreting, and p-or HCO3--secreting (14-16). These subtypes were distinguished using antibodies to surface epitopes, as well as peanut lectin. Peanut lectin, which labels predominantly P-intercalated cells of rabbit kidney (15, 17) , identified most of the CA-rich intercalated cells in the cortical collecting duct (Figures 3a and 3b) . In Despite the fact that CA histochemistry was comparable after 2-2.5 YO glutaraldehyde or PLP fixations, the former prevented labeling by lectin or the monoclonal antibodies (data not shown).
The CA histochemistry staining pattern was quite reproducible and reliable from day to day (compare Figures 1, 2, 3b, 4b , Sb, and 6b), and sections showed no fading for a minimum of 1 week (not shown).
The black precipitate of the CA histochemical reaction gener- x'r @----% 1 fally obscured labeling by cytosolic antibodies to the proton pump or to the anion exchanger (not shown) (19) .
Changing the pore size of the Millipore filter affected the staining process: with a pore size larger than 8.0 pm the sections on the filters sank in the incubation medium, but with a pore size of 0.22-1.2 pm there was no significant difference in staining quality or pattern (not shown).
Inhibition of CA activity by acetazolamide eliminated all cytosolic and membrane staining (Figure 7b ), as previously shown by Hansson (4); however, there was some residual faint nuclear staining. Evidence for inhibition of CA activity in intercalated cells was evident by the absence of black reaction product in peanut lectinpositive cells (compare Figures 7a and 7b) .
Discussion
These studies indicate that histochemical staining of a complex organ, such as the kidney, composed of many different cell types, can be achieved with the preservation of adequate morphology, enzyme activity, lectin labeling, and immunogenicity.
Cryosections of a PLP-perfused and immersion-fixed kidney with osmotic preservation in sucrose provide an optimal preparation for morphological, immunological, and enzymatic analysis.
Glutaraldehyde fixation, although it fixes the CA enzyme in the cell, markedly reduces its activity (7) and causes loss of antigenicity (6) . There is also troublesome background fluorescence associated with glutaraldehyde. Nevertheless, CA activity can be demonstrated with different staining patterns at the light and ultrastructural level in glutaraldehyde-fixed turtle bladders (20) and nephrons (21). Paraformaldehyde in 3-4% concentrations also reduces antigenicity and may reduce CA activity and provide suboptimal morphology. However, the histochemical staining for CA is more intense in sections fixed by these agents than in unfNed ones. Lonnerholm (22) suggested that these apparently conflicting data could be explained by a loss of CA enzyme into the medium of unfixed sections. The advantage of our method is that the fixation helps maintain CA in the cytoplasm while preserving antigenicity.
Hansson's methods utilizing the Millipore filter for incubating sections have been used previously (4, 21) ; however, sequential immunolabeling cannot be performed on these sections without further modifications. In our procedure the Millipore filter can be detached from the section on the slide, and the section can then be treated as a standard cryosection. With 1-4-pm sections there should be no problem correlating the surface label of a cell with its CA histochemistry.
With these considerations, lower concentrations of paraformaldehyde, as in the PLP fixative (2%). are able to preserve antigenicity and morphology (6) and evidently histochemical CA activity. Using this approach, we confirmed that most CA-rich intercalated cells in the cortical collecting duct bound peanut lectin or antibody 601, whereas the principal cells, which bound antibody 1242, did not show any CA staining at the light microscopic level. The ability to detect antigenic sites as well as CA activity should enable one to better understand how specific CA-rich cells respond to acid-base perturbations in the kidney.
